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Abstract: Objective To systematically identify potential angiotensin-converting enzyme (ACE) inhibitory peptides from proteins in

waste pearl shells of Pteria martensii using an integrated in silico and experimental (“dry-wet”) strategy. Methods Waste pearl shells
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were subjected to decalcification and dialysis to obtain nacre proteins. The optimal protease was screened using ACE inhibitory activity
and degree of hydrolysis as evaluation indicators. The enzymatic hydrolysates were separated and purified via ultrafiltration and gel
filtration chromatography, and the peptide sequences of active fractions were characterized by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Bioinformatic tools were applied to predict and screen peptides with high potential ACE-inhibitory
activity; candidate peptides were then prepared by solid-phase peptide synthesis (SPPS) and verified for their in vitro ACE inhibitory
capacity. Lineweaver—Burk double-reciprocal plots were used to calculate enzyme kinetic parameters and define the inhibition mode
of active peptides. An in vitro simulated gastrointestinal digestion assay was performed to evaluate the digestive stability of target
peptides. Molecular docking was performed to investigate the interactions between the active peptide and ACE and to compare its
interactions with the active sites in the N- and C-domains of ACE. Molecular dynamics (MD) simulations were conducted to assess
the conformational stability and dynamic interaction characteristics of peptide—ACE complexes. Results Eight proteases were used
to hydrolyze nacre proteins, among which papain hydrolysate showed a degree of hydrolysis of (11.77 & 0.09)% and a half-maximal
inhibitory concentration (ICso) of (2.03 £+ 0.14) pg/mL against ACE. After separation and purification, the active fraction F1 was
harvested with an ICso value of (1.56 + 0.06) pg/mL. A total of 294 unique peptides were identified from F1, and nine peptides with
high predicted activity were selected for solid-phase synthesis and in vitro activity validation. Among all synthetic peptides, peptide
SPAR exhibited the strongest ACE inhibitory activity with an ICso of (33.46 £ 0.56) umol/L, and its inhibitory pattern against ACE
was confirmed as mixed-type inhibition. After in vitro simulated gastrointestinal digestion, the retention rate of SPAR was (23.6 +
4.9) %. Molecular docking results revealed that SPAR formed hydrogen bonds with key amino acid residues located in the S1 and S2
active pockets of ACE, including Ala354, Glu384, Tyr523, GIn281 and Lys511. SPAR was capable of binding to both the N-domain
and C-domain of ACE, and displayed stronger binding affinity for the C-domain. MD simulation results demonstrated that the SPAR—
ACE complex maintained favorable conformational stability and sustained intermolecular interactions throughout the simulation
period. Conclusions Eight novel ACE inhibitory peptides were successfully screened from waste pearl shell proteins via the integrated
dry—wet strategy, among which peptide SPAR possessed the optimal ACE inhibitory activity. This work provides a novel research
perspective and technical route for high-value reutilization of discarded pearl shells. The complementary combination of in silico
prediction and wet-lab experiments enables more efficient excavation of latent bioactive peptides from traditional Chinese medicine
waste proteins..
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PHHEARYHABHAREENSREEKIN P
martensii (Dunker) 10176, AREEE (800 000
Ulg). Al (60000 U/g). BltEE RS (200 000
Ulg). BEEARE (1200 U/mg). Sephadex G-25 #i
B, AL BERERECARA R BHERAM (3000
Ulg). AR (250U/g) Hilg i kELRI A
FRAw; JEHEAM (300U/mg) iR AEYR
AR AT ACE (1U, JEHE M. 5 FRIEE-2H 2
Wi - % & ( L-leucine-N-benzoylglycyl-L-histidyl,
HHL). HFEE. 25 (Ko i g ) 3 [H Sigma-Aldrich
Al SIS HKA Milli-Q 4K (FHpi%=18.2
MQ-cm),

1.2 E5RE

BSA224S HL7 R (LA R 5 H
PR A ] )5 2695 i RUBAH itk A3 (32 [ Waters A 7] s
B H% PHSI-3F 40 % pH it (RGBS K
BABRAFD; DHIF-2005 {RIEER R S8 GG
WEREMBREEHARAFD) . Cig BiHE (150
mm X 4.6 mm, 5um). Reprosil-Pur 120 Ci3-AQ (150
pumX170 mm, 1.9 um), #&[E Dr. Maisch A #]; L-
8900 ZIEME M HTIX (HAHIZAT]); ST 16 fKii &
O L« Basy-nLC 1200 & 2% 3% A 5 3 C high
performance liquid chromatography, HPLC) 1X. Q

Exactive ~ Hybrid  Quadrupole-Orbitrap ~ Mass
Spectrometer /i i {X (GEEZEER CIH/REHL AT Alpha
1-2 LD Plus %191 (%% Christ /2 %]); Concentrator Plus
FLA B ORI (4E[E Eppendorf 2AH]) .
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4 "C. 1000Xg &.LHLH 0 30 min, TRE HIHH.
¥ EIEWRET 14 000 B EREITRN, 4 CET
72h, & 24 /NI 2 R 0HIET IS BIRE S AT IR
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212 KA. HARGENE KodEZSE GB
5009.4—2010 (& A HIPIZE ) USIeh i) 1 g g
PIRIEDE s B A& &S GB 5009.5—2016 (&
it R T e ) Do R L PG A R
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pH 2.0). JEEABE (37 'C, pH 7.8). BEHEA
(37 'C. pH7.8) MIHEGEHEAM (BEAM. REH
fiy. BEER M), 1 mOa MR B A RERE pH (A 21
fitEfiR 5 ho MRS HS, A 1 mol/LNaOH sk HCI
WHORT pH EZEFHE, T 95 CRIBIMMKEE 15
min, @G 4 ‘CLL 5000 /min 550 20 min, WWEE
IEW, ARG DI E S BRI KRN ACE 4
HENE, A NN RRS, R BoE s Fg.
2.3 KERENE

KH pH-Stat yEUSHI e KB, 8 1ol B At
T H PE o T R TR AL, T AR B 5 VW pH
FHIE, I INN NaOH ARV EL HCl brifEia i H
TYERFA R pH, 10K IHFER NaOH FRifEIA R EL HCI
PR, %A (D) HEKEE (DHD.
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DH=BXNpX 1/0X 1/MP X 1/Hiot X 100 D
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o NRIEBMRL; MP AR HE AU S8 Ho NRDE
5 ok B
2.4 15N ACE $IH05E M E

iz F HPLC &€ & BRI ) ACE $ i HE11,
PLHHL &Y, e A IR Chippuric acid,
HA) HI& &, P ACE #if3EtE. B 60 uL £
IR BT BR 220 (% 0.3 mol/L NaCl (1 0.1
mol/L MR, pH8.3), HIA 40 uL0.10 U/mL
ACE (HMMREHRZZ A, WWigiRA], 37 ClE
BN 10 min, I 40 uL 5.40 mmol/L HHL ¥
W R SR s i), el s), 37 CHEIR
SN 15 min, I 60 uL 1 mol/L HCI ¥R £ 11
SN o B 20 nL [N S5 R F HPLC 73T AE i HA
Fs. i tE: Cs ik (150 mmX4.6 mm,
5um); VRSIAE N HEE-0.1%BEER AW (15 @ 85); 1A
U E 1.0mL/min, &7 228 nm. ACE il %
a0 () 5.

ACE 1] % =(B—A)/BX 100 2
A FoFRE RS E R HA VTR B 35725 (IR 2522
VLR S JE VR HA T
25 RFEREHREMEBDSEEYF ACE HFHIEMSE
n%aN: op sttt
251 IS S MREUE =R E TR
o, DB SR AR R 5 o YRR AR BE A X
53T E 10000 5 3000 (AR RO HT S, 3K
FFAXT 43T E =10 000, 3 000~10 000 A2<<3 000
)3 AN S EAET G E ACE ]
R, IEPINEIBCR R AR A TR R — 50 5T
252 EHRGEEEEEESE R E EEIEA
YT IRE<3 000 MIZH5r, I NEEAUKIFZ IR IE
REIE MR, K 0.45 pm SeLIEEE E S
FEZ Sephadex G-25 tailittr. LUEBAL K AP
A, B SmL N 1 EREEBEME. P 220 nm ALIRO%
FE CAD RPAAAR (YD, R BRI I 75 R A A
(X, 2l BeMith 42 o & BElid 73 2V R 11 e il E
H ACE 2, EEUMHISER s e A R~
— .
2.6 BREX¥ERE

¥ Sephadex G-25 ifift s> &5 F1 A
NHHCO; %, #HATIE R AR BE: IO DTT
2R E N 10 mmol/L, T 56 C/KSEJR 1h; B

JEIN TAM {28345 A 20 mmol/L, 7 =37 8 2%
B 40 min, FHAIA DTT (244K 10 mmol/L)
PALHFFIAR SB[ TAM. AR BE 5 FIFE 522 C18 Stage-
Tip Bt &L B2 155 #EAT O (il - AR BB BT 3 (LC-
MS/MS) 7o GHTH B 22 48K A Thermo Fisher
Scientific Easy-nLC 1200, Ji {1 N Q Exactive
Hybrid Quadrupole-Orbitrap Mass
(Thermo Fisher Scientific) .
2.6.1 i A% FEA Reprosil-Pur 120 Cis-
AQ (150 pmX 170 mm, 1.9 pm), FEhH A 4 0.1%
HIRKIEL sl B N8 0.1%H RN 80% LI
W, ARFUATE 600 nL/min. BAEESENL: 0~2 min,
4%~8%B; 2~35min, 8%~28%B; 35~55min,
28%~40% B; 55~56 min, 40%~95% B; 56~66
min, 95% B.
2.6.2 UM U R A EE AR AR R (data-
dependent acquisition, DDA) #ix, —Z iS4
7 H¥%. (Resolution) 154 70000, AGC target H A%
HBN 3X10°, & KB 7 AN E] (maximum
injection time) A 100 ms, FAHHVELRE m/z 100~
15005 —ZJfi i 2 %4: Resolution &4 17 500, AGC
target HARE BN 1X10%, Maximum injection time
4 50 ms, TopN: 20, JH—{kAlifiE A (NCE) 4 28,
J5 1 R GG 50 R A PEAKS Studio 11 3EAT0HE P
% . uniprotkb Pteriidae (family) 26 963 2025
08 28.fasta (JFHE%L: 26963, FHMH]: 2025-08-
28, TEEEHE: http://www. uniprot.org) 2RS4
BN E B Carbamidomethyl (C), FARM& 1 K
Oxidation (M) Al Acetyl (Peptide N-term), Ft)] 77 5\
A Non-specific, —Z %R IMZEHN 2Xx107°, —
P v o B 22N 0.02.
2.7 BREHEMMERFESHR

¥ %52 KB4 N BIOPEP 1, feRIKBE R
& T . ff 752k T H PeptideRanker X ik Bt 75
AYEEREAT TN, R HAEZE T H: ToxinPred *f/ik
B E P HEAT T, PRk “Non-Toxin” FIKEL,
H Innovagen &7 “Peptide property calculator” T
B AR B K, ) admetSAR Tl ik B ()
HIA 1 BBB 14:)ii. @it BIOPEP H'[ “profiles of
potential biological activity” F£/F 1IN KB &S HA
TETER) ACE $IHE M

FFE 2 HIKEL N N: PeptideRanker 35 141143 >
0.5, ToEE. /KIEVERLF. NEIIERSET LR AE

Spectrometer
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(1) ACE il ig 1t KT 0. HRI% H VG PEVE 2 8 R ik
B ZAt il S R AR IR A B & i (A >98%),
WM & KB ACE 4035 14 LA AT 7% 1 B8 iE
2.8 JEMBREVHISIENHFE S M

RECRE ACE (4 30 71 %% 5 #12% Bhaskar
LRI IE VR IE Fa AN [F1IR BE 1A% 1 K 5 AN
[FIWFE 1Y) HHL % “2.47 TFTAR /7725 ACE St [A] %
G, WERMNERY LR AKE. X
Lineweaver-Burk XU {3 H{ B0 R R 34T 53
Mro KRIKEE (Kn) FEKIPERE (Vo) H
Lineweaver-Burk /72115, WA (3). TagH{E4]
Bl E (KD AEETE G EHE 2 (KD 7 AR
F% (Slope) M#FE (Intercept) ) —IRZeME: (A1)
K%, ik @ fk (5 HEEE.

1/V=Ku/VimaxX 1/S+1/Vmax 3
Slope =K/ Vmax X (1 +[11/K) 4)
Intercept=1/Vmax (1 +[1)/K7) (5

v NHIERNEESR s Vina F KR K 92K
Ki AZA AR E S KodEsep e mm E48G [ 2R
B o WERMARR, S NIKY) HHL KIS .
2.9 SEMRGEURREMMTUN S EIMEILE L

T MR BOE A AR PETIONR H PeptideCutter 7E
28 T H (https://web.expasy.org/peptide_cutter/) i)
B WiEEA, &8 B E AR (pepsinpH 1.3 il pH>
2.0). JEE AR (trypsin) 5B & [ (chymotrypsin
FERE RV D XS MR AT BB D),
DU )T AR e 1

s MR AT AR AP E I TEE AL, R
Xiong FECURIITVEI T T — L/ NB L. KR
(1 mg/mL, ¥ART 2 557K F #:& (1.00 mol/L)
WTE pH 3.0, REMABHEEM (1000 U/mL).
IR AEREG 26 N THE KA (200.0 t/min,
37 C) 2h. BhJE, HEEAN (1.00 mol/L) Kk
W) pH WHE R 7.5, FEIMAREEE (50.0 U/mL)
MIEER A (25 UmL), (EAHRISMHE NS E 2
ho 5, KHREGWEKBHINE 15 min P& IR
M. RGBS YILL 5000 r/min 250 15 min, W
AT W) B R, DARZIE A i 1 IRV R
VERRTHR, WAL 5 i IR Y4 0.22 pm JE
et 5, #H47 HPLC 43 #r. B2kt .
ChromeCore AQ Cis (250 mmX4.6 mm, 5pum); i
FIAEAE 0.1%M =5 LRI LI (A - 2l7K (B);
AR 1.0 mL/min, HEFEE 10 uL, KAMEIISE

£ 220nm, FEEVEME: 0~25.0 min, 8.0%~33.0%
A; 25.0~26.0min, 33.0%~100.0%A; 26.0~30.0
min, 100.0% A, 30.0 min {5 1. JEPERLLR B R ITH
HuA (6) Fir.

RE 2 =S1/S, 6
SRR E; S AR R
2.10 S FxHE

B %M AlphaFold Chttps://alphafoldserver.com/)
A UK B IR Be g5/ 9 T 20 PDB A AT, R
J& M. RCSB Protein Data Bank 3% N #1535
ACE (PDB ID: 1086). ACE C #i#yi%, (PDB ID:
108A) 1 ACEN #5#44% (PDB ID: 2C6N) #1255 [
JREER, MIBRIC AR R IR AJET,
AR A A T8 . ACE IS TR AL
FABFRA x: 40.581, y: 37.178, z: 43.454; WHEg
T K/INA 7.400 nm X 7.400 nm X 7.400 nm. ACE [¥]
C S5 R IE HERHZAL sARAR N x: 40.562, y: 37.388,
z: 43.476; XHEETFR/NN 6.895 nmX 6.895 nm X
6.895 nm. ACE [ N S5 fy3sid s #47 sAs A5 hy
x: —21.544, y: —21.229, z: —63.629; Xf#EHE&H T K
/A 10.950 nm X 10.950 nm X 10.950 nm.
2.11 SFFENHFEE

ITEN IR GROMACS 2025.4 Hfdhrh
#47. &R FH AMBER ff99SB-ildn /73741 TIP3P
AL . KA A ELAE F A FRL 7 A% Ewald ¥
AbEE, S (AT AN 1.0 nm.e YEEAEAH BLAE
FH A A2 FIRE N 1.0 nmo fh2a K AUR 118
i LINCS 53347240 1647 B 23 N HEAT 100 ps
FINVT REE-PT, 8IS V-rescale 7712445 22 300
K, & HECN 0.1 ps. BE/EEEAT 1ns 1) NPT RE%F
fir, JE 77385t C-rescale FV5AEE 2 1X10°Pa, £/
WA EECN 5.0ps, BEREHEEOHEN 0.5ps. )5
TEIZAE RHEAT 10 ns (5 FEh 154540
2.12 BESZITE ST

JIT A &5 I PA 3 YRS SEIS ) X £ s R R
Excel 2025 B E47 £m AL B, K H Graphpad Prism
10 AT R 2 5 2500, P<0.05 RonHA &
EMEER,
3 #R
3.1 RERDUREMEREAKTH

BEREMME AR ESECN(3.31£0.06)%,
RO ESHN (93.53+0.30) %, BHREME
S ST B SR BB E M, BEREME
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HIE AR ES SN (52.53+£1.27) %. BEZE
%%ﬁﬂﬁ@i @R E, R R

EPem, YOI LR AR T BEREN P
S)

B3 5E 2 BRE R R A B SR IR AL R4 i 45 2R
W 1 por, k17 M AR . 7RV, Asp.
Glu FIZENZR (Phe) TG TEMLRZW 18 WA
R, BIRERE I 3 PR 5 B2 R
TN 23.07%, {EX 3 FhazEiT Asp &R S
t (13.50%) K, Asp JB& TERMEZIERR, il
fif» FIEEA ACE M Fp O 1E B AT OB B8 1, i)
ACE 5P, HiFFi4EH ACE %FD%IJEMJ%*% it
IKPER IR, HoAp Pro XHHIHIEMETTHR B, Hot
#& Tyr. Val fl Leul?*l, Ak, &4 Tyr E@Ei(%kﬁu AY

*1 EFRUREHEANSERER
Table 1 Amino acid composition of nacre powder protein

from waste pearl shells

SR FEnsHi(mg g7 5 E/%
KERAER (Asp) 335 13.50
HER (Thr) 53 2.14
25 (Ser) 15.2 6.12
BER (Glw 14.0 5.64
HZ®, Gly) 52.2 21.03
WA (Al) 375 15.11
LREE (Cys) 0.8 0.32
HE®R (vab 7.9 3.18
HIREK (Met) 0.3 0.12
iR (e 6.5 2.62
ZER (Lew 18.1 7.29
B (Tyn) 12.4 5.00
FHEE (Phe) 10.0 4.03
WER (Lys) 8.6 3.46
HEAR (His) 3.0 1.21
EE] (Arg) 16.0 6.45
[ (Pro) 6.9 278
AR 248.2 100.00
PWEEAER (EAA) 56.7 22.84
EXFHIER (NEAA) 159.3 64.18
BiK IR 77.2 31.10
T B R AR 22.4 9.02

FEASBNERERAESHRERRATRRES G LI ERR
HRERER BB,

Mass fraction refers to the mass percentage of each amino acid in nacre
protein; proportion represents the ratio of each amino acid to the total

amino acids.

(Ala-Tyr). LY (Leu-Tyr) F1 1Y (le-Tyr) ZF/2ififs
PEHH] ACE C uigs ki G R, B ERE
HAIEEH KRER KRR (31.10%), ik
FIMRMAAEB R TR ACE JMHIEEHIAKEL .
3.2 ESRRAIRIZKARRE AN ACE HDHI5E M

IKFRFENE 45 R 1 s, AKJNEE A BB E
WK R B, N (11.774£0.09) %, 3T H
&7 MEABEEAY) (P<0.05). BHTEZGELHH]
55 B AR ACE $i) 3 Vel e 45 R 2 Fiow,
B R BN 0.01 mg/mL N, AN A EGEG
VI ACE #IHi|Z thfemy, A (78.71£0.19) %,
M€ H ICso 1 (2.0340.14) ug/mL. KZ ¥ ACE
HHIIKI C iy B R TR AL B K M LR, AR
HERE SRR AR, P A O TR R R
HOVEN G M SRR S AR M R R S, X Fhfd
5 1) B AR 1 R T 2R R A K R IR ) R A
Fr BEROV T AN TR VAN i A ot B 1 38 B A7 A 22
R, TEARWEFH, L5675 RS B /K AR B FIRG A =4
(1) ACE #IHvE 1, JEHOA N A BEE VAT 50
RO HE A

151

Oak: ﬂ il

Her HEA /f\fL\ )ﬁm W Hﬁm e mE
EAM M EOA AN EAN A8 RO6 RO

ARVNGFRRRERLF (P<0.05), B2, 3. 5. 9. 11 HF.

Different lowercase letters indicate significant differences at P <

KA/ %%
=S
T

U]

0.05; the same statistical notation applies to Figures 2, 3, 5,9 and 11.

1 FEIZEBEMEFEEHREMEONKEE
Fig.1 Effects of different proteases on degree of hydrolysis

of nacre powder protein from waste pearl shells

33 BEZESBAES N
HEYEE R — M T LB RILA D SR, &
PR N7 2 KSR 2 IR R4 . T I
aifb2, il 3 fon, LS, AR 0T R
F <3000 4143+ 3000~10 000 414> ACE #iifi] =R
YIREmTARNE AME#EY ACE iR (P<
0.05), AEAHXS 73T SR B PR 45 1) 5 2k HL 2 (m) 7 FHL
BN, RESHE E RGN ACE BEEPEA L, 35T %
HARA D RERS , AR AT, AT 73 ¥ BT <3 000 1
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2 A EEBEEFEYE ACE HIFIR (n=3)
Fig. 2 ACE inhibitory activity of enzymatic hydrolysates
produced by different proteases (n = 3)
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AR A BERE A =

B3 BIBESEASEDN ACE HMEIZR (n=3)
Fig. 3 ACE inhibitory activity of fractions obtained by
ultrafiltration (n =3)

#H 7y ACE #i| 2 f y, JlE B BEA 0.01 mg/mL B,
ACE #lI#1Zy (87.05+£0.12) %, i 5E X}
Iy FIRE<3 000 41531 1Cs fHA (1.70£0.07)
ug/mL, EEILHAT R B4k,
3.4 Sephadex G-25 i AN BB DI

V4 B8 U B A5 AH X 4> 7 & <3 000 H &
Sephadex G-25 il 73 55, Pelit iz 4 prowx, 3k
K15 2 AMHSY (F1ATE2), MlEIX 2 MM ACE
=, ikl s fos. BRI 0.01 mg/mL i,
H7r F1 ] ACE #i2%K (84.93+£0.20) %, &
T4 F2 (P<0.05), M5 F1 K ICso [N
(1.56£0.06) pg/mL. ZiE5RE, EHEH) F1 T
i AT
35 BE¥RE

i LC-MS/MS 7 i tEdH 7 F1, 1521/ &

4 Sephadex G-25 i Bkt Zk
Fig. 4 Elution profile obtained by Sephadex G-25 gel

filtration chromatography
a

100 =
b
80}-
C
< ;
60
E
g
I
<
20
0 1 1 1
F1 F2 R

5 Sephadex G-25 B8 &5 H ACE HHIZ
(n=3)
Fig. 5 ACE inhibitory activity of fractions obtained from
Sephadex G-25 gel filtration (n = 3)

BT W 6 frac. FIA PEAKS Studio
PR%E F1HRREL, KBRS BT 15 Kk
BN O MIRREL, JL% 294 KB, X LLkBAAH
ST IREN 206.09~1 641.68, &I T HIKE
£ T 2~10, AR, HIKE C ikt &F
Bi/KEHERR (40 Leus Ala fl Val Z5) 5, w] DLt 3%
Z k5 ACE i&MEROBUKAL SIS & F1, TG
GepEmd], HIRALELH) ACE HIHIE TR, 24yE ik
K N %fs& Phe. Tyrs Ala. Trp. Pro fil Gly i}, 4
AR TFHEEiSHERR T ACE $MHEHERT, /i 2% e
(1) 294 25K BL ) C/N i 2 ZERRVR B %, &5 A &
7. 8 fivn. C IR REIRIREE 2 Gly, BEHAR
LB MEEEERE Ala F Val; N IR SRk
BN Gly, HIK/E Leu. Ala.

3.6 FKEERYEMERZENR

CEE 295 X MBEHIA 78 K&
PeptideRanker 43 KT 0.5, HIEAANEN ACE #if]
TEPERRIE T . 3X 78 2K BLTE Innovagen F2/F (7K
EPETRI S R, 10 KB R R KB E R 1T, 78
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Fig. 6 Total ion chromatogram of fraction F1
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I 60
\&(
7 40}
et
ONED?Q>=UDD=§U?QDD m
s 222 =8 22 5 5828 M5 ES =
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B7 BYEEME CinREREEML
Fig.7 Types of amino acid residues at C-termini of
identified peptides
60
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Fig. 8 Types of amino acid residues at the N- and C-

termini of identified peptides

ToxinPred [0k B 25 M T 25 3 mp 35 2o e gk, Af
Fi ADMETlab T35 22 30 R 4 (1) N\ A iz 38
AL I 5 B 525 1 - X 10 2% JIKBLAE BIOPEP-UWM
I BTN CE ACE IiVEYE, A 9 SFIKE A
ERT 0, Ak RINE 2.

W ImIE R 9 FRMKBGEEAT [ AH A BURMA 7 ACE
PO HEIRAE, 455 WL 9. HA kB AFR & ACE
FOENELE, F4h 8 AKIKBAE R BN | mg/mL K
BIEAANFFREE R ACE #0il &1, H A kB SPAR
HA BT ACE #IliEHE, BT 54 8 &k
(P<<0.05), M H 1Cso fH 4 (33.46£0.56) pmol/L.
3.7 SEMBKEHISIENIZE SR

B f#H Linewaver-Burk KB 721l ik SPAR
X ACE M. ik 10 Frs, RERER
SPAR X} ACE R4l ih &0 52 SR MG FFAHZE T 28
ZRIR, HEE%E SPAR IR S, KnTtE, Vi
WS R, 3R SPAR (1M1 F 2R AU NTR A LD
il HHE £ (KD VPG ACE SHIHI545 &880
[ EZSHOC, 1K A SR A5 75 ACE 145
HroE AU EkGE . B 3 A, SPAR 1 Ki {HAT KifH
43914 153.19. 239.23 pmol/L, Ky/KifIMEALT 1,
H KABRT K, ROATEIRA B0H]H DL5E 4 8
i 5 S HUAL, BkE SPAR-ACE B & WI4E &
it /17T SPAR-ACE B &¥- &4
3.8 JEMBRIBEULRE S

KBt SPAR ik B e M 1) il &5 R WLk 4,
SPAR £ Jfj B & Al (pH 1.3 Al pH>2.0). JHHEH
fig . BESR AREHAL A WREY) . AT D
SPAR ik RaE M, B SPAR it iR 4MELH AL
JE =5 SPAR 4TS L AT, Wil & ) ACE
NS, wE 11 FioR, 1 mg/mL RERE T,
SPAR JHAL=¥II¥) ACE #2382 T SPAR, &
SPAR £ B JpiE B H L E MR %N (23.6+
4.9) %. 1B SPAR £ AR SMEATH 1k f5 5 53 4k g
Y1, S8 ACE #0135 T
3.9 oFXE

ffF Autodock Vina #THKEX SPAR 5 ACE
(PDB:1086). ACE C % (PDB:10SA). ACE N
(PDB:2C6ND )43 T Xz, SPAR #4512~
14 FIR 5. HEEARENT OB, S5 A REMIEERAT,
FORGE AR R, KB SPAR 5 ACE. ACE C ¥
ACEN Uity (45 6 8853 71 N—5.9. —8.2. —6.7 kJ/mol.
X TIKS ACE ZERAMAHE/EH AAHEER
X B2, SPAR 5 ACE Lk 1 7 &%; 5 ACE
CImIER T 9 4c58t; 5 ACE N iglEK T 6 464
. #t—2B 1 SPAR 5 ACE J5 AL s A A
H, SPAR 5 ACE S1 &1 H A ) G IR ik
% Ala-354. Tyr-523. Glu-384 JE/% 7 E48EH, I
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Table 2 Bioinformatics analysis results of peptides

k51

)

— Mmif  ACE il
Kiste & BeiEl KB KIREAR

itk " ik

GGEGLGGLG
DFI

DLF

DIF

FDFG

FKGG

PKGL
AFR

SPAR

0.61
0.74

0.89

0.80

0.97

0.80

0.52
0.91

0.53

RIF & + + 0.89 A% EE (ADAASSYXP4)

RIF x + + 0.33 SWIMRLEHEL M ( AOAABIBPDO ) i
( ADAABBYAZT) . F-box4ifgsiH ( AOAABBYIV3) .
PSR EAEMIRER ( ADAABBYQIS ) « AW 4 E A
( ADAABBXRP2 . AOAAB9BUP2 . ADAABIBZGL .
AOAASBXDES)

RiF & + + 0.67 HIRAFPRENER  ( AOAABSBXKRY ) . SMGTEA
( ADAASBXTQ3 ) . ZJBWIKEE ( ADAASBXXYS ) |
SHIZEHIMER  ( ADAASSXZHS ) . 4l
( ADAA88Y4K7 ) .  DnalFEEABLKIEIS A
( ADAABBYABO ) . MIFkEHESH ( AOAABIBHSA )
WEMZBRS 08 (. ADAASSBWUO )
R IRIGHASE & AR 1 (AOAASIBXIL). AAAHATP %
W oB E A ( ADAABICODS ) . MRE4AEAS
(AOAABICSWE) . ATPIEHIIRNA f# iEfi (AOAASICTKS)
DL TREGHIRER (AAASBYIYY) . A @4 EH
( ADAABBXUL4 . AOAABBYEXS . AOAASBYU48 .
AOAASBYVZ0 .  ADAABBYXP4 .  ADAOT5MOX4
ADAASBXCUS)

RIF & + + 0.33 AUFAFCHENIRER  ( ADAABBXUZ3 ) . SMHEA
(ADAAB8Y5Y2) . CD109 #iJi%H (AOAASBYC92) . SI
MBS IEH  ( AOAASBYHDS ) . Clo4iisiEA
( ADAABBYNH3 ) . EGFHEAEMBIER ( AOAABBYSNA )
AAAHATPES ISR (AOAASICODS) . HitEM AT 1
(ADAABIC2X9) . CRUEHEZRAIHE (ADAABICTSY) | K
% ® A ( AODAABSBXMEY . AOAASBYS05 . AQDAASSYII4 .
AOAABBYEX8. AOAABIBV73, ADAABICIVS)

RIF s + + 0.75 TR EWBEATWANE L XURARLEWHEA
(AOAAB9BQO3)

RIF x + + 0.75 ZIPA12BEFTAHHEEEE ( ADAASBYIT2) . Afr & & A
(AOAABIC3G3)

RUF k + + 050 AAA+ATP B4 13 T (ADAABICODS)

RIF s + + 0.67 EFFRBAAEHIER  ( AOAABIC360 ) . ZBMAkE
( ADAABBXXYS) . ShKTZMREA ( AOAASSY0AG ) .
V/(D)IE A% 5 F11(AOAABIBNLY). C3H1 Rlesk A iR
( ADAABBYUZS ) . EERBWESENEES
(AOAABBYVUB) . HITZ I EH (AOAABIBZZ3) . Kd
® A ( ADAABBXQS8L . AOAABBY921 . AOAASBYSDI .
AOAAB9COQ4. AOAABIC5LO. AOAABICBT1)

RIF x + + 0.50 SH3ZE IR 1 (ADAASSYFT4) . LI ZER 5L (ADAABIC2X9)
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AFR FDFG PKGL PKGG DLE DIF SPAR DFI %?Ejtﬂ

ACE #112%/%

9 AMAKEY ACE HIHIFEME (n=3)
Fig. 9 ACE inhibitory activity of synthesized peptides
(n=3)

=0.1374x+0314 5
R= 0.936 y=0.076 x+0.220 1

41)
=]
0

- R2=0.944 4
g 0.6 /
g 2 =0.0644x10.188 3
L y=0. x+0.
g 0.41 . R2=0.9866
£ o XTHE
Z 02 4 66.92 pmol-L™!
® 133.84 pmol-L™!
-6 = 0 2 4 6 8
020 s (HHL,1/mmol-L")
—0.4L

10 BKE% SPAR %1 ACE #Y Lineweaver-Burk
Fig. 10 Lineweaver-Burk plot of ACE in presence of
peptide SPAR

#*3 FKEZ SPAR fIFIME R K REUEBHENFSH
Table 3 Kinetic parameters of ACE inhibition by peptide SPAR

& C (kB SPAR) / (umol'L™) HIHIRE Viad(umol L min)  Kn/(umol'L™")  Kif(umol-L™)  Ki/(umol-L™)
ACE 0 - 5.31 0.34 - -
SPAR+ACE 66.92 REH 454 0.35 153.19 239.23
133.84 3.18 0.44

&4 SPARHILIEE MU
Table 4 Predicted digestive stability of peptide SPAR

R SPAR
pepsin pH 1.3 pl 27
pepsin pH>2.0 ya 27
trypsin T
chymotrypsin high specificity ya 27
chymotrypsin low specificity 7))

100 a

80

60

40

ACE #12/%

20

1 1 1
SPAR UL SPAR HCHAl

B 11 SPAR FEEHUHW /4 ACE {IFIZF (n=3)
Fig. 11 ACE inhibitory activity of simulated digestive
products of peptide SPAR (n = 3)

5 ACE S2 i&PE 48 1) GIn-281. Lys-511 JERL T
SR, X LSS AE AR /E ACE C Ui 25 /838
TERE, 1M C ihgE il 2 ACE B iE M
O, TEBG YRR AN 555 A 1 1 R A %0
YEf. %¢F, SPAR 5 ACE C/N %i#H ELAE FH ()25 5
PEFET, SPAR 5 C uin&h f s i) 45 & Re I E B AR,

TE R S BB R %, % ACE C i s I 7 58 1)
AT e Hk, AEXHEITEEA A E, SPAR 5401
C i 45 Ml TiE P 1 AS ) 2 A R S R TR I T
B EAE Y, X% B SPAR AEis A &k 54 ACE
MGG AL, BA R o I 5 4 P 3| 008 7E 45
FFERE, X5 “3.77 T RXF SPAR 145 f1 254y
W45 AH—3, A SPAR X ACE VR & 7 01
1 H DLSE G P Dy F2 3 — DR T A
3.10 S FahFFiE

9y T B) )7 A R B T 3 S I AL B -
e A 5 A WD AE — & B (] ROBE N A G846 5 4 TAE
AT R —F 5075, SRR S YTER AR E k-
(KR AL S Ra e M B3, 7RI Z% (root mean
square deviation, RMSD) H Tl & &1k R
EPE, Wik 15-a FioR, fE 10 ns LGS FEH, ACE
PL& SPAR-ACE 1A &[] RMSD AR BN,
RMSD {E Fa 5 7E 0.05~0.25 nm, % W& SW7ER
I (8] Y PRIFLEA SR8 IR B o 307 HRiKkVE (root
mean square fluctuation, RMSF) & H T =58 1%
B B AR BN I A2 A B SR AR A, B T AR AR Y
RMSF [PE#R, HREMERES. WK 150 Fr
7, SPAR-ACE E &)1k £ 1) RMSF [HAE AT B 1R
0.3nm PA'F, ULEAMARMARE L, RVER. B
P42 (Rg) RV AR R RS . Wl 15-
¢ i7n, SPAR-ACE E& WA ZEMISFEY, Rg A
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GLU.
239

12 Fk SPAR 5 ACE MEMHAE (£) MATE (H)
Fig. 12 Enlarged view (left) and detailed view (right) of molecular docking of peptide SPAR with ACE
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Fig. 13 Enlarged view (left) and detailed view (right) of molecular docking of peptide SPAR with C-terminal domain of ACE

™ TR
A3 4369

®“

AS0L

ALA

ARG G
A3 Lo

A:389
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A336
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SERY HIS
A3 . A361

4, (60
Cy @
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A4 @
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A490

[El 14 Ak SPAR 5 ACE N inxtZH0EKE (£) METE H)
Fig. 14 Enlarged view (left) and detailed view (right) of molecular docking of peptide SPAR with /N-terminal domain of ACE

%5 BK5 ACE MxHiEEER
Table S Molecular docking results of peptides with ACE

et

EARLGH  EA (k;;jnorl) ek {iif52 AHKRIA
ACE 4=%% SPAR -5.9 7 Asn-586. Met-587.Ser-588.Ser-590. 2.0, 2.0, 2.8, 2.1, 25,
Glu-239 1.8, 25
ACE C iyt SPAR —8.2 9 Ala-354. Glu-384. His-383. Tyr-523. 2.3, 2.5, 25, 2.7, 2.8,
Lys-511. GIn-281. Thr-282 23, 21, 21. 21
ACE N 45i#J3,  SPAR —6.7 6 Ala-332.Glu-389. Tyr-501.Glu-362. 2.1, 2.2, 1.9, 2.3, 25,
Thr-496 2.3

1 keal-mol™'=4.184 kJ-mol *; 1 A=0.1 nm.
NEIRMES), HHEEYREAMNRARKAERE FHE, W& 15-d fos, ERERDLISFEH SASA H
IAECE R4, ARSI EEUE. Nit—PiuE BahiaE, WA KAEREWRIETT, BIAZHHE
Rg 784k, % 1 SPAR-ACE EEMRRIIER  XiaE. SRS ACE Z A1) A EH,
] J T A (solvent accessible surface area, SASA), 15-e fli7, SPAR 5 ACE Z [A]A[ % 1~10 4>
SASA BRI I EE &5 750 2 1R AH HAE H S, PIYERr 4 Nt K9 SPAR 5 ACE Z[H
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Fig. 15 Molecular dynamics simulation results of peptide SPAR

TEAEFRFEE A BAR R, A BT 5 S YERHLI ] A
FIfaEss &, HHBESRM (gibbs energy landscape,
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fiE, Wl 15-f s, BEY0f TaEHCE hEE X
d,  FLAEJEI ) RO A A BN R E IR SOIR
Ao ik, SPAR-ACE B&WIESr 18 /1
T rh ST LR S ) A A s MR AR LA ELAE
W] SPAR 5 ACE 456 B S AE A AL
HFRHE T K R IR KR -
4 i

TEE K X" s 5 ek n] Rk R B
HHCE, X2 R T BT S B AR A B

TG BRIEA HRCR IR &, AT 2l st
K. H R 24 R ST B ) 207 SN AR 2
RUBoT I TR, JERME . FEBE . FRHMEFIE N
. BRI ARG ALY & & 2 P
Ve, HASElUs B 1SRRI — & PR
PCFIBURRNE P, DRI B0 o 24 ] s P S o R
B, AT PICR A FHR BCEOR SCELUR S B — X
M. BT AL FAR T2 REILRE.
H RIS HAER R TN, BRI ERER
P BB B BRI B, AT DL RS H P
IEEETE T AT IR R ST R, R B2 (6T
IR FE B 5
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